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Abstract

The heal capacities of eight chlorine boracites T,B,0;,C1 (T=Cr, Mn, Fe, Co, Ni, Cu, Zn or
Mg) have been measured in the temperature range 2 to 100 K. Magnetic phase transitions occur
below 20 K in the compounds studied except in the two non-magnetic substances Zn;B,0,,Cl and
Mg3B,0;CL The magnetic specific Tical capacitics give information on magnetic ground state of
the transition metals and the entropy related to the phase transitions.
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Introduction

The compounds which belong to the crystal family known as boracites have the
general formula T3B7013X, where T stands for a bivalent metal cation (Mg, Cr, Mn,
Fe, Co, Ni, Cu, Zn and Cd) and X for a monovalent anion (OH, F, Cl, Br, 1, NOjy).
The compounds comprise today a great variety ol synthetic homologues derived
from the crystal structure of the mineral boracite, MgsB;0):C1 [1-4]. They attracted
particular interest due 1o the ncenrrence of simultaneous ferroclectricity/ferroclastic-
ity and (weak) ferromagnetism in NisB;0,31 [3, 5]. Nearly all 7-X boracites are
characterised by a scquence of structural phase transitions from a high-temperature
cubic phase to orthorhombic or rhombohedral ferroclectric/ferroclastic phases
which order magnetically at low temperatures. Triangular geometric magnetic frus-
tration exists in all nen-cubic boracites, Whereas the lerroclectric/{erroclastic phase
transition above room temperature of some of the boracites has been characterised
thermodynamically, no low temperature heat capacity data, with cxception of
Co3B,03X (X=ClI, Br, 1) |6], exist for the boracites.

The present paper reports on the low temperature specific heals and entropy val-
ues related Lo the magnetic phase transitions in the chlorine boracites (7=Cr, Mn, Fe,
Co, Ni, Cu and Zn, Mg with X=CI) in the temperaturc range between 2 and 100 K.
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The data complement earlier magnetic susceptibility, dielectric permittivity, electrical
polarisation, magnetic bifringence and magnetoeleciric measurements [3, 5, 7-9].

Experimental

The single crystalline or polycrystalline samples were grown by chemical trans-
port reaction as described in Ref. [10]. Either an automated quasi-adiabatic calo-
rimeter [11] or a low temperature scanning calorimeter [12], using sample masses
between 170 and 570 mg, scrved to determine the heat capacity. The inaccuracy is
estimated to be <2% below 30 K for the magnetic compounds and increases to =5%
for some of the samples near 100 K.

Results and discussion

The malar heat capacity ¢, (1) of the chlorine boracites is shown in Fig. 1. With
exception of the two non-magnetic compounds Zn3B503Cl and Mg;B;0,:Cl, the
compounds display magnetic ordering below about 20 K. Near 60 K all ¢, (T} data
merge together as expected for the pure lattice heat of isomorphous compounds with
nearly identical molar masses and lattice constants. Mg,B70::Cl, however, shows a
significantly lower ¢y (T} as a result of the much lower molar mass. It is given here
only for comparison. At higher (emperatures the lattice heats deviate [rom a common
curve due to differences of the elastic constants and masses or simply because of er-
rors resulting from the small sample masses available. The non magnetic Zn-Cl bo-
racile scrves as reference for the lattice heat ol other compounds. Due to the low
mass of constituting atoms, the Debye temperatures © of the boracites are high and
thus the lattice contribution is rather small. The equivalent Debye temperature of
Zn1B50,Cl between 30 and 100 K ranges from @=510 to ©=700 K. The magnctic
specific heat ¢yg(T) was calculated as the difference between the measured total and
the lattice heat (of Zn-Cl boracite) for cach compound. ¢, (T) is shown in Fig. 2 as
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Fig. 1 Temperature dependence of the molar heat capacities of chlorine boracites, T.B 0, ,Cl
{T=Cr, Mn, Fe, Co, Ni, and Cu} and of the non-magnetic compounds Zn,B;0,,Cl and
Mg,B,0,,Cl as reference material for the lattice heat capacity
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Fig. 2 Magnetic speeific heat ¢ /T vs. T of the compounds shown in Fig. 1
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Fig. 3 Magnetic entropies S, (T) calculated {rom the magnetic part of the specific heat, de-

rived {rom Figs 1 and 2

a plot cpa/T vs. T. Integration yields the magnetic entropy contributions Siyag
(S:I[cmﬂ(ﬂ/TldT) which gives information on the degeneracy of the 3d ions and the
number of spins involved in the magnetic transition. The magnetic entropies per 7-
atom are plotted in Fig. 3 as a function of temperature. Some characteristic vaiues
related to the magnetic ordering, as magnetic ordering temperature, related entropy,
and spin ground state of the 77 jons are listed in Table 1.

According to the shape of the transition peaks, shown in Figs 1 and 2, different
types of magnetic ordering occur in the chlorine boracite series.

M’IjB7OI3Cl

The orthorhombic compound (spacc group: Pca2l’; point group notation:
mm21) displays a sharp lambda-type transition at 11 K, which is typical for three-
dimensional (3D} ordering. At Ty the compound transforms into a weakly ferromag-
netic phase and the transition displays sccond order character in the magnetisation
curves {13]. For the Mn—C1 boracite the magnetic symmetry and structure below Ty
has not yet been determined, however, the magnetic and magneto-elastic properties
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Table 1 Characteristic values of magnetic ordering of chiorine boracites T,B,0,,C1 (T=
3d-transition melals) at low lemperatures

Chlorine Magnctic Ground Entropy Entropy Entropy
boracites ordering state S S{thy/ Stex)/S(thy MMM
T TJ/K J(mol K)™' % %

Cr 13.2 2 RlnS 08 38
Mn 9.8 512 RIn6 106 79
Fe I8 2 RInS 93 59
Co 1.7 n Rin4 100 of Rln2 81
Ni 85 1 RIn3 100 of Rln2 i3
Cu 9.0 172 RIn2 102 14

The saturation values of the magnetic entropy S, are denoted in the table as following: Sith} - ex-
pected theoretically taking .S‘mng (25+1), S(ex) ~ experimentally found as saturation value, and
S(Ty — the value 1cached at the ordering temperature Ty; R—value of gas constant

are cxpected to be similar to Mn-I, i.e. transition from Pca2)1” into Pc’a2{ [14]. The
entropy indicates the usual ground state for all three Mn”* ions with spin S=5/2,
yielding a high-temperature limiling cntropy value of 5,,,/~3RIn(25+1)=3RIn6
{R=gas constant). Thus, magnetic and thermal data are consistent.

Fe3B7Ol3CI and COSB'IOIBCI

FeqB,0,4Cl1 and Co4B40i3Cl, show shoulders at the low temperature flank of the
sharp peak at the Néel point at 11.8 and 11.5 K, respectively. In contrast to
Mn,B,0;C!, the paramagnetic thombohedral (R3cl) ferroelectric/ferroelastic
phase undergocs a spin ordering to a monoclinic (Ce), fully ferroelectric/ferroclastic
and partially weakly ferromagnetic structure [15]. For the Co—Cl compound, the
magnetic phase has recently been determined at 1.5 K using neutron scattering [16].
In the compounds Co-Br and Co-1, however, the weak shoulder found in Co-Cl ap-
pears not only as a shoulder but as a clear additional phase transitions in the specific
heat near Tn/2. This behaviour hints to a continuous spin reorientation which was
confirmed by the spin structure determined using neutron scattering experiments on
the Co-Br compound where the spin-structure transforms at lowering the tempera-
ture to a canted 3D structure [ 17]. The continuous spin reorientation may thermody-
namically be represented by a two-level system which leads to a Schouky-type
anomaly in the specific heat which may be the origin of the weak shoulder in the spe-
cific heat of Co~Cl. The findings of the heal capacity measurements, i.¢. the sharp
ordering and the spin reorientation, are for both compounds in agreement with the
other experimental results, e.g. spontaneous polarisation, magneto-clectric measure-
ments, eitc. [18]. The entropy curve indicates for Fe~Cl the expected Fe?* ($=2)
ground statc (yiclding S=RIn5) whercas duc to a large spin-orbit coupling the mag
netic ground state of Co-Cl is a doublet and the ion is an effective spin 1/2 system
necar Ty, giving an average entropy value of §=RIn2 per Co-atom.
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Cr3B7013Cl'

In Cr—Cl boracilc two magnetic trangitions arc observed in the specific heat. The
orthorhombic phase (Pca2,1’) undergoes a transition at 13.5 K (Née! point) to an an-
tiferromagnetic ferroclectric/ferroelastic phase which transforms again into a
weakly ferromagnetic system at 9.7 K. Both transitions have been observed carlier
by magnctoclectric experiments and in the spontaneous polarisation | 19]. The mag-
nelie heat capacity above the transition is unusually high (Fig. 2}. The greater part of
the magnelic entropy is engaged in short range ordering above Ty, i.e. more than
50% according to Fig. 3. This finding hints to a tendency for Jower than three-di-
mensional ordering in the Cr-Cl compound or stronger geometric frustration. The
chromium occupies in this compound the usual Cr?* (8=2) ground state and thus
S=3RInS.

CH}B']OHCI and Ni]B';Ol}CI

Both compounds have a structure isostructural to Mn—Cl. Magnetic ordering has
been detected previously by several technigues [20, 21], in particular by ncutron
scattering for Ni-Cl [22]. However, the specifie heat results do not show a sharp
transition (Fig. 2). The ‘smooth’ transitions hint to short range spin ordering in a low
dimension, according 1o the neutron scattering results along the 180° Ni**—CI-Ni®*
path and frustrated due to the 90° Ni2*=CI1-Ni** path with competing ferromagnetic
interactions. Presumably, the Cu—Cl boracite behaves similar. The related entropies
indicate a spin 1/2 ground state {S=RIn2) for both compounds although for Ni¥* 5=1
is expected. However, il is also possible that in Ni Cl boracile only two of the three
Ni** ions participate in the ordering while 2RIn3=3Rin2.

Conclusions

Summarising, the specific heat capacity of chlorine boracites display sharp mag-
netic ordering transitions for the Mn, Fe and Ce compounds whereas the Cr-Cl com-
pounds shows a pronounced short range ordering tail indicating either magnetic
frustration or low dimensional magnetic ordering. Specific heat curves, typical for
low dimensional magnetic ordering, are found for the Cu-Cl and Ni—C1 boracites.
The resulis of the heal capacity measurements are consistent with the earlier re-
ported data for magnetic susceptibility, dielectric permittivity, electrical polarisa-
tion, magnetic bitringence, magnetoelectric measurements and neutron scattering.
More detailed work on the magnetic structure of the materials is clearly needed.
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